Canarian Government and the European Habitat Directive (Beltran et al., 1999). Cistus symphytifolius is widely distributed and may form almost monospecific populations in the Canarian pine forests (Kunkel, 1991). Cistus osbaeckiaefolius is a local endemic with five populations in the high mountains of Tenerife, classified as Vulnerable (VU D2) (Baniares, Marrero, and Carque, 1998; Marrero-G6mez et al., 1999).
The value of data on genetic variation for conservation of rare species has gained increasing recognition (Falk and Holsinger, 1991; Avise and Hamrick, 1996) . Survival of a species in the long term depends on the maintenance of sufficient genetic variability to accommodate eventual selection pressures brought about by environmental change (Pleasants and Wendel, 1989; Richter, Soltis, and Soltis, 1994; Dolan et al., 1999) . Hence, rational conservation strategies cannot be designed without estimating the amounts and apportionment of genetic variability, and this has motivated an upward surge of investigations of diversity for molecular polymorphisms in endangered species (Richter, Soltis, and Soltis, 1994; Dolan et al., 1999; Martinez-Palacios, Eguiarte, and Furnier, 1999). Although detailed demographic data are known to be very important in designing conservation management programs aimed at the survival of endangered taxa (Lande, 1988; Caro and Laurenson, 1994; Schemske et al., 1994) , genetic studies take a primary role in planning in situ and ex situ conservation efforts (Amos and Hoelzel, 1992; Frankel, Brown, and Burdon, 1995; Gemmill et al., 1998; Francisco-Ortega et al., 2000). The Canarian Cistus have never been surveyed for molecular variation. Thereby, despite the fact that the Canarian Government fosters the preservation of these endemics, the efforts undertaken by the network of Canarian nature reserves to streamline managing programs are necessarily handicapped.
Of the many techniques presently available, perhaps enzyme electrophoresis is the most adequate as a first option. Enzyme electrophoresis provides discrete, easy-to-score, single-gene molecular markers (alleles) that are biparentally inherited and not subject to environmental plasticity. They generally adjust to a codominant pattern of expression, which is readily checked from the band intensities in heterozygous individuals.
Examples wherein allozymic variability assessments have contributed to substantiate conservation genetic efforts (Ritcher, Soltis The driving purpose of this research was to assess the genetic variability level of the three Cistus species endemic to the Canarian archipelago in the light of their levels of allozymic variation. We will use that information to suggest managing strategies for their endangered biodiversity. The study of the population variability of these endemic taxa in molecular terms has long been overdue, and this has obviously stood in the way of a proper conservation strategy. Such genetic information should help us establish conservation priorities for populations of these endangered taxa.
MATERIALS AND METHODS
Plant material-We sampled four populations of Cistus osbaeckiaefolius, two of C. symphytifolius var. symphytifolius, two of C. symphytifolius var. leucophyllus, and the single populations described for both C. chinamadensis ssp. chinamadensis and C. chinamadensis ssp. gomerae (Fig. 1, Table 1 ). Plants from a recently described population in La Palma (A. Bafares, Teide National Park) were also collected. Since thorough systematic studies of this Allele  FA  FB  RM  PT  LP  FJ  CT  TA  TB  GO  CH Allozyme electrophoresis-About 1 cm2 of young leaves from every sampled adult individual were taken and transported in a hand cooler to our laboratory and then stored at -80?C. For electrophoretic assays, each sample was ground in a mortar with liquid nitrogen. After grinding, -0.5 mL of extraction buffer (Pedrola-Monfort and Caujap-Castells, 1994) was added. Extracts were adsorbed onto Whatman number 1 filter papers and subjected to horizontal 14% starch gel electrophoresis for a variable time depending on the buffer system used. Three electrode/gel buffer systems allowed us to resolve eight enzyme systems: 40 mmol/L citric acid titrated to pH 6.5 with N-(3-aminopropyl)-morpholine/1:19 dilution of the electrode buffer was used for resolving phosphoglucoisomerase (PGI, EC 3.4.11.1), 6-phosphogluconate dehydrogenase (6-PGD, EC 1.1.1.14), malate dehydrogenase (MDH, EC 1.1.1.37), isocitrate dehydrogenase (IDH, EC 1.1.1.42), and malic enzyme (ME, EC 1.1.1.40); 0.3 mol/L boric acid pH 8.3/3.6 mmol/L citric acid and 1.52 mmol/L Tris, pH 7.8 for esterase (EST, EC 3.1.1.-) and diaforase (DIA, EC 1.6.99.-); and 0.137 mol/L Tris and 47mmol/L citric acid anhydrous, pH 7.0 / 5 mmol/L DL-histidine pH 7.0 for phosphoglucomutase (PGM, EC 2.7.5.1). After electrophoresis, gels were sliced in different layers and specifically stained following the protocols in Wendel and Weeden (1989) and Sosa and Garcia-Reina (1993) with slight modifications. Interallele mobility was done through side-by-side comparisons of the detected allelic variants in the same gel. Interpretation of the bands assigned "a" to the allele with the fastest mobility towards the anode and a letter following the alphabetic sequence to every subsequently slower allele. The number of bands in heterozygous individuals conformed to the expected quaternary structure of the corresponding enzymes (Wendel and Weeden, 1989; Kephart, 1990) 
RESULTS
Genetic interpretation of the electrophoretic patterns suggests that the eight enzymes resolved were encoded by 13 putative loci (Table 2) . Four of them (Pgi-2, 6Pgd, Mdh-1, and Est) were monomorphic all over. The remaining nine loci were polymorphic either within or between populations. Loci Pgm-1, Mdh-2, Dia, Idh-1, Idh-2, and Me displayed two alleles each. Three alleles were observed for Pgi-1, Pgm-2, and Mdh-3. The patterns of allelic distribution and number of alleles per locus varied across populations. For most polymorphic loci, there was at least one common allele at high frequency in most populations. However, some exclusive alleles were also observed; Pgi-la was exclusive of Cistus osbaeckiaefolius populations, whereas four alleles (Mdh-2b, Idh-la, Idh-2a, and Me-b) were detected exclusively in C. symphytifolius. Since none of these exclusive alleles was monomorphic, they couldn't be used for unambiguous populational ascription of individuals. No exclusive alleles were detected in C. chinamadensis (Table 2) . At the infraspecific level, two alleles (Mdh-3b and Mdh-3c) were detected in C. symphytifolius var. symphytifolius that were absent in var. leucophyllus. Conversely, alleles Mdh-2b, Idh-la, and Idh-2a were observed in var. leucophyllus, but they were absent in var. symphytifolius. Genetic diversity of Cistus species-The intrapopulational estimates of genetic variability are presented in Table 3 . Overall, the levels of genetic variation varied widely among populations. The mean number of alleles per locus ranged from 1.15 for Tagara population (Cistus osbaeckiaefolius) to 1.69 for Tamadaba A (C. symphytifolius var. leucophyllus). Expected heterozygosity, the more integrative measure, followed the same trend with the highest value recorded for the Tamadaba A population (C. symphytifolius var. leucophyllus) and the lowest for the Tagara population (C. osbaeckiaefolius) ( Table  3) .
Partitioning of genetic variation within and among
populations-To analyze genetic structure within and among populations, F statistics (Wright, 1965 (Wright, , 1978 were calculated. The partitioning of total genetic variation was very different for each taxon analyzed (Table 4) . For Cistus osbaeckiaefolius and C. chinamadensis, FIT was essentially explained by a significant genetic differentiation among populations with a mean FST value of 0.299 and 0.614, respectively. In contrast, most of the total genetic variation detected in C. symphytifolius var. leucophyllus was explained by the within-population component, with extremely low interpopulational genetic differentiation (FST = 0.032). Fixation indices (Fls) also varied widely among taxa (Tables 4 and 5 ). The mean Fij (crossed for all loci) was negative (showing excess of heterozygotes) and highly significant for C. osbaeckiaefolius populations. Significant deficiency of heterozygotes (F1s > 0) was observed in both C. symphytifolius var. symphytifolius and C. chinamadensis populations. No significant deviations from Hardy-Weinberg proportions were detected for C. symphytifolius var. leucophyllus populations (Table 5) . Genetic relationship among taxa-The genetic distance and identity measures of Nei (1972) were calculated for all pairwise comparisons among all 11 populations (Table 6) In contrast, C. symphytifolius var. symphytifolius exhibits highly significant heterozygote deficiency at most loci (Fis > 0; Table 5 ). This result cannot be explained by chance alone or by intensive inbreeding, because in this case we would expect heterozygote deficiencies at all loci. Rather, it suggests that var. symphytifolius populations may be genetically structured (i.e., composed of subpopulations within which mating is approximately random but between which mating may be infrequent). Such structuring of genetic variability is a frequently reported feature of insect-pollinated herbs (Heywood, 1991 Further, Cistus symphytifolius var. symphytifolius appears to have genetic structure at a large spatial scale, as indicated by the average among-population FST value of 0.252 (Table 4) tion (Slatkin, 1985 (Slatkin, , 1987 (Slatkin, , 1994 . Although this result is unexpected on the grounds of their geographical proximity (roughly within 30 km), we must bear in mind that these populations are separated by deep ravines and cliffs and display slightly different ecological preferences, which could explain the genetic differentiation observed. Sharp genetic differentiation has been also described in other endemic Canarian species. The average GT, value (multiple allele extension of Wright's FS,; Nei, 1973) Cistus osbaeckiaefolius-Cistus osbaeckiaefolius has the lowest genetic variation levels of the three species studied (Table 3), though they are still within the range described for endemic plants by Hamrick and Godt (1989) . Only five extant populations of this strict endemic to Tenerife are known. All of them except for Tagara are localized at high mountain habitats with census sizes of <200 individuals per population (Marrero-G6mez et al., 1999). High FST values detected in this species (mean FST = 0.299) suggest surprisingly little interpopulation genetic exchange despite the geographic proximity. While directing attention to the possibility of a low pollination effectiveness, this conspicuous genetic differentiation could also be due to high levels of genetic drift, with mutations occurring over a long period since the populations were separated and/or local selection is acting on the allozyme loci.
Populations occurring in high mountain habitats (Fortaleza A, Fortaleza B, and Roque Magdalena) have been exposed to intensive grazing, mainly by goats and rabbits, for the last 900 yr (Baniares, Castroviejo, and Real, 1993; Marrero-G6mez et al., 1999). This factor makes it feasible that they underwent qualitatively different, recent bottlenecks. Concomitantly, the effects of human activities may have caused severe fragmentation of these populations, thus increasing the differentiation among them due both to substantial losses of diversity and to a differential action of genetic drift. Further evidence that these populations might have gone through bottlenecks is that they present the lowest average number of alleles per locus (Table  3) . Loss of alleles rather than reduction in heterozygosity is the primary result following the severe population size reductions implicit in a bottleneck (Templeton, 1980; Sytsma and Schaal, 1985) .
We hypothesize that habitat fragmentation and the loss of individuals and/or populations have increased genetic differentiation among C. osbaeckiaefolius populations on a small geographical scale. Estimates of Nm over all populations vary and range between 0.392 and 1.52. On the whole, they are lower than the threshold of the one migrant per generation that is considered necessary to prevent independent population evolution (Slatkin, 1985 (Slatkin, , 1987 (Slatkin, , 1994 ; Martinez-Palacios, Eguiarte, and Furnier, 1999). Consequently, these populations might fit a situation in which drift would override the effects of gene flow (Slatkin, 1987) . In the face of the patchy distribution of the populations, their small sizes, narrow geographical occurrence, and the general predominance of outcrossing systems in Cistus (Brandt and Gottsberger, 1988; Herrera, 1992; Calero and Santos, 1993), high interpopulation differentiation in C. osbaeckiaefolius is best explained by genetic drift operating on an already impoverished allelic diversity.
Demographic fluctuations associated with bottlenecks or even local extirpations in these high mountain ecosystems might have also influenced the high FST values in this taxon (Milligan, Leebens-Mack, and Strand, 1994) . This hypothesis is supported by allozyme data that display higher values of overall genetic diversity estimators in Fortaleza B than in Fortaleza A. However, we cannot discard the eventual action of natural selection in the extreme high mountain environment to explain the speciose pattern observed in this taxon. Indeed, the excess of heterozygotes (F1s < 0) detected in all C. osbaeckiaefolius populations (Table 5 ) may be either the result of random stochastic events or the consequence of balancing selection promoting high heterozygosity. In any case, it is highly improbable that all populations have an excess of heterozygotes by chance alone.
The fact that the Tagara population presented the lowest genetic variability of all Cistus populations analyzed (Table 3) is unexpected for two reasons: first, because this result is inconsistent with its relatively large size (several thousand individuals), and second, because this population extends over -15 ha in a forest of Pinus canariensis, which constitutes a more homogeneous environment than high mountain habitats. At this point, it is also important to emphasize that the size structures and the height distributions differed significantly in the Tagara population (Marrero-G6mez et al., 1999), which could help explain the genetic results.
Interspecific relationships-A number of electrophoretic studies suggest that the levels of allozyme divergence often reported for congeneric species on oceanic islands probably result from the combined effects of genetic bottlenecks associated with colonization, small population sizes, and recent speciation on the younger islands (Lowrey and Crawford, 1985; Crawford, Whitkus, and Stuessy, 1987; Witter and Carr, 1988; Garnatje, Susanna, and Messeguer, 1998).
The levels of variability detected in Cistus allow us to substantiate a discussion of their genetic relationships. Fourteen of the 25 alleles were common to all taxa analyzed, and this furnishes proof of their shared evolutionary history. A close relatedness between two Brighamia species from Hawaii was inferred from their sharing of only six alleles out of 22 (Gemmill et al., 1998). In their work with the silversword alliance in the Hawaiian Islands, Witter and Carr (1988) presented compelling evidence that the action of mutation had been most important in the divergence observed at allozyme loci. Similar conclusions have been reached for Canarian species (Francisco-Ortega et al., 2000) . Therefore, time since origin must have been a most important factor for the allozymic divergence observed among and within islands. Assuming that divergence among these species of Cistus is due exclusively to mutation and drift, overall levels of variability can give us an indication of which of these three species might have been the first to establish in the Canaries. Cistus symphytifolius presents a higher number of exclusive alleles (Table 2) . This, together with the fact that it was by far the species with higher values of genetic variability and observed heterozygosity (Table 3) , singles it out as the one that must have had more time to diverge. Unfortunately, we cannot evaluate the contribution of events in evolutionary history relative to ecological time to the genetic diversity of these species because of the absence of continental relatives in our allozymic analysis.
The relatively high genetic identity between C. osbaeckiaefolius and C. symphytifolius (I = 0.871), the reduced genetic variability in C. osbaeckiaefolius populations, and the presence of nearly all of the alleles of C. symphytifolius in C. osbaeckiaefolius populations support the view that C. osbaeckiaefolius arose via a founder event from C. symphytifolius or a very close relative. Similar examples in the literature indicate that endemic species often have considerably less variation than the more widespread congeners from which they may have been derived (Lowrey and Crawford, 1985; Witter and Carr, 1988; Pleasants and Wendel, 1989 ; however, see also Gemmill et al., 1998) .
Quite a different picture emerges for the recently described C. chinamadensis. Although neither population of this taxon shows exclusive alleles, both are monomorphic for different alleles at the Pgi-l locus and diverge conspicuously in terms of allele frequencies at the Pgm-1 locus. Based on the detected amounts of allozymic variability, the hypothesis that the two stands of C. chinamadensis did not originate from one another but instead via qualitatively different foundations from C. symphytifolius (or a close continental relative) is the best supported. Qualitative evidence of such a relationship is given by the sharing of Pgi-lc between C. chinamadensis ssp. chinamadensis and all populations ascribed to C. symphytifolius. Remarkably, this allele was not detected in C. osbaeckiaefolius. Furthermore, the remaining alleles that were detected in C. chinamadensis are at much higher frequencies in C. symphytifolius than in C. osbaeckiaefolius. The neighbor-joining cluster (Fig. 2) provides quantitative support for this relationship. The two C. chinamadensis populations are sharply separated from each other within the cluster corresponding to C. symphytifolius. According to this representation, C. chinamadensis ssp. chinamadensis is much closer to C. symphytifolius var. leucophyllus populations from Gran Canaria than to C. chinamadensis ssp. gomerae, which clusters with C. symphytifolius var. symphytifolius population from Tenerife. Geological evidence agrees with this result by indicating that the region called Anaga (where C. chinamadensis ssp. chinamadensis occurs) was the first part of Tenerife to emerge from the ocean (Schmincke, 1976) . Since the island of Gran Canaria is geologically older than Tenerife (Carracedo, 1984 (Carracedo, , 1994 ; Garcia-Talavera, 1999) and geographically closer to Anaga, it is feasible that a founder event from a population of C. symphytifolius var. leucophyllus (or a very close relative) produced C. chinamadensis ssp. chinamadensis in Tenerife. A close morphological link between C. chinamadensis and C. symphytifolius var. leucophyllus was established by Banares and Romero (1990) when they described the former species. Interpretation of the cluster in Fig. 2 and of the sharing of alleles between pairs of species in terms of these data suggests that the origin of C. chinamadensis ssp. gomerae from La Gomera might have been C. symphytifolius var. symphytifolius from Tenerife or a very close relative. This is counterintuitive, because Gomera Island, with -12 my, is older than the Anaga region in Tenerife whose estimated age is 8.0 my. Although a founding event from Gran Canaria is also conceivable, it seems less likely on biogeographical grounds.
It bears mentioning that Nei's genetic distance (Table 6) (1996) and Garnatje, Susanna, and Messeguer (1998) argue for Argyranthemum and Cheirolophus, respectively, that due to a recent divergence-as morphological similarity also suggests in Cistus-the founding of new populations has been driven by successive genetic bottlenecks followed by the sorting of ancestral allozyme polymorphisms. The gradual divergence in response to a geographic splitting by dispersal or vicariance events and to ecological conditions that has been hypothesized in Cistus might have combined with the action of stochastic forces to increase the genetic differentiation observed in both C. chinamadensis stands.
Finally, allozyme data suggest that the stand from La Palma designated as Cistus sp. could belong to the group of C. symphytifolius because this population presents all the alleles detected in C. symphytifolius (Table 2 ) and is within the same cluster in the phenogram (Fig. 2) . However, a review of the Canarian circumscription of Cistus would be necessary before reaching any conclusions about the taxonomic status of this population. Cistus osbaeckiaefolius populations are being monitored under Teide's National Park "Recovery Plan for the Threatened Flora" (Baniares, Castroviejo, and Real, 1993; Baniares, Carque, and Marrero, 1995). Nowadays, demographic studies reveal that all populations are stable with a constant recruitment rate (Marrero-G6mez et al., 1999) , and one could expect that they would remain so in the absence of unexpected threatening factors. However, they maintain low levels of genetic variability deriving from habitat fragmentation and bottlenecks, which have led to genetic polymorphism erosion and loss of allelic richness. In the long term, this may compromise their ability to respond to changing selection pressures. The high level of differentiation among populations of C. osbaeckiaefolius represents a real conservation challenge. We can theoretically conserve almost 99% of the total allozyme diversity in the species preserving just two populations. RM and FB populations harbor all rare alleles detected by electrophoresis in C. osbaeckiaefolius such as Pgm-la, Mdh-3a, and Pgm-2c. Although the electrophoretically detected alleles probably do not confer adaptation, an attempt should also be made to preserve populations that contain rare alleles. The preservation of these alleles and those linked to them may ultimately affect the long-term survival of this species. Also, at the ex situ level, sampling intensively in these both populations would fulfill the objective of capturing most of the detected genetic variability. Also, RM and FB populations contain high levels of heterozygosity (Table 3 ) and therefore are also clearly important from a purely conservationist perspective.
Conservation implications-Thus
Before making any management decisions on the basis of allozyme data, however, one should recognize that populations that appear to be uniform or very similar allozymically may actually have special adaptations to their specific environments and may contain genetic variation for morphological and physiological characters that will not be apparent through starchgel electrophoresis of a limited number of allozymes.
Therefore, conservation decisions should of course include many additional scientific considerations, and although allozyme loci may provide one starting point, other factors must be considered as well. As stated by Baiiares, Carque, and Marrero (1995), the main objective of a recovery plan is the preservation of genetic diversity, especially by the perpetuation of species in their natural habitat without any specific human aid. Although genetic evidence suggests that the Tagara population is genetically depauperated, it is plausible that this population (the only one of C. osbaeckiaefolius growing in pine forests) possesses adaptive traits different from those associated with conspecific populations localized at high mountain habitats. It seems thus advisable to give to Tagara population a conservation priority on ecological grounds.
Our survey of allozyme markers in the three species of Cistus endemic to the Canary Islands has allowed us to substantiate a discussion bearing on their genetic relations and to give directions for the conservation of their threatened variability. These results also indicate two main lines of action for future research. One of them is to enhance the present sampling to include the other two Cistus species occurring in the Canary Islands and a consistent representation of their mainland relatives. This would facilitate establishing the probable sequence of founding events that gave rise to these island species and clarifying whether the levels of variability of the Canarian Cistus are depauperated relative to their continental congeners. Furthermore, in the face of the probable bias resulting from the low levels of variability detected, our assessment should benefit from comparison with evidence from other sources of molecular and biological information. Studies of endangered species suggest the use of more than one class of molecular markers (Chase, Kesseli, and Bawa, 1996) . Future molecular biology analyses combined with ongoing reproductive biology studies are expected to provide valuable additional data to augment the present conclusions.
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